g/m) and normal ejection fraction (mean, 64±9%) using spatial modulation of magnetization. In 26 subjects, circumferential myocardial shortening (%S) was compared with results obtained in 10 normal subjects at endocardium, midwall, and epicardium on up to 4 short-axis slices each. Similarly, in 10 subjects, midwall longaxis shortening at basal, midventricular, and apical sites was compared with results obtained in 12 normal volunteers. Circumferential %S was reduced in hypertensive subjects. Mean shortening was 29±6% at the endocardium in hypertensive subjects versus 44±6% in normal subjects (P=.0001);
In patients with hypertension, the increased risk of cardiac mortality, heart failure, and coronary artery disease associated with left ventricular hypertrophy (LVH) is well known.12 In such patients with uncomplicated hypertension and moderate LVH, conventional analyses of left ventricular pump function generally show normal to supernormal systolic function.3-5 However, numerous studies of myocardial contractile function in hypertrophied left ventricle in experimental models6-10 and a few in humans1l-1' suggest that intrinsic myocardial performance may in fact be depressed in LVH with normal ejection fraction. Evaluation of segmental myocardial function in situ in humans has been limited to date by dependence on highly invasive methods such as surgical implantation of sonomicrometry crystals or metallic markers in the myocardium.14 Spatial modulation of magnetization (SPAMM), a new magnetic resonance tagging technique, permits noninvasive evaluation of myocardial deformation in humans, including circumferential and longitudinal segment shortening as well as transmural and regional differences in shortening.15"16 Therefore, we used SPAMM imaging to compare circumferential and longitudinal myocardial shortening in subjects with hypertensive LVH and normal left ventricular ejection fraction with that found in normal subjects.
Methods Subjects
We studied 30 subjects with sustained hypertension defined as diastolic blood pressure >90 mm Hg and/or systolic blood pressure >150 mm Hg, with echocardiographic evidence of LVH (see Table 1 ). All subjects gave informed consent, and the study protocol was approved by the University of Pennsylvania's Committee on Research Involving Human Subjects. Subjects were recruited from both inpatient medicine services and outpatient medical clinics at the Hospital of the University of Pennsylvania; they ranged in age from 30 to 78 years (mean, 49 years) and included 24 women and 6 men. None had clinical evidence of ischemic heart disease, echocardiographic segmental wall motion abnormalities, left ventricular dysfunction, significant valvular normal subjects were studied contemporaneously with the hypertensive subjects to obtain the long-axis shortening data. Echocardiographic data were not available in normal subjects.
Imaging Protocol
Electrocardiographically gated magnetic resonance imaging (MRI) was performed on a 1.5-T scanner (Signa, General Electric). Imaging began with single-phase, multislice, spinecho, coronal scout images. Imaging parameters were echo time (TE) of 20 milliseconds, repetition time (TR) equal to RR interval, 40 -cm field of view, 256x 128 matrix, 5-mm-thick slices, with 5-mm skips. This series was used to determine the left ventricular long axis. To evaluate stripe persistence and short-axis centering, multislice, single-phase, compound oblique, short-axis images were then acquired perpendicular to the long axis, using the SPAMM pulse sequence. Preimaging binomial sequences of nonselective radiofrequency pulses separated by magnetic field gradient pulses produced a SPAMM "grid" of black stripes with initial center-to-center separations of 7 mm (Fig 1) . Imaging parameters were TE of 30 milliseconds, TR equal to the RR interval, 5-mm-thick slices, 5 . To obtain data for circumferential shortening measurements, multiphase, multislice, short-axis SPAMM images of the left ventricle were then obtained from 13 milliseconds after the R-wave peak, defined as end diastole to end systole, in LVH subjects. For multiphase series, 4 to 5 midventricular slices were imaged at 4 to 5 time instances, and intersequence delay was adjusted to ensure that the last multiphase image at each slice location was the end-systolic frame. In addition, the initial center-to-center stripe separation was chosen to optimize image quality, ranging from 7 to 10 mm among subjects. In 10 LVH subjects, long-axis multiphase series were acquired in a similar fashion (Fig 2) . Heart rate, which affects imaging time, and time constraints limited the number of studies for which both short-and long-axis series could be obtained. Long-axis planes were prescribed perpendicular to the short-axis planes imaged and perpendicular to the midseptum and lateral left ventricular wall, analogous to the echocardiographic four-chamber view. Four to five slices were imaged at 4 to 5 time instances, again from beginning to end systole. Total imaging time was approximately 1 hour, but this varied with heart rate. Because of the long duration of the SPAMM studies, it was not possible to perform additional untagged MRI imaging series to permit evaluation of LV mass, volume, and ejection fraction.
Since normal subjects were imaged for evaluation of circumferential shortening data early in our experience with the SPAMM technique,15 the imaging protocol for short-axis acquisitions differed slightly. Two temporally overlapped multiphase SPAMM acquisitions, extending from end diastole through systole and into early diastole were obtained with a fixed 60-millisecond intersequence delay. In this case, end systole was defined as the time of maximal shortening as derived from the SPAMM images for each subject. Comparisons in LVH studies that included cine-SPAMM acquisitions indicated that end systole was timed to the same frame by maximal SPAMM shortening and smallest cavity area. Thus, the main difference between normal and LVH studies for circumferential shortening was that the maximal potential error in timing end systole was 30 milliseconds in normal subjects and 12.5 milliseconds in LVH patients. The 12 normal subjects in whom long-axis images were acquired were imaged with the same methods used in the hypertensive subjects, using cine MRI imaging to identify end systole and a variable intersequence delay.
Image Analysis
Quantitative analysis was performed on a Sun work station using an operator-driven, interstripe-distance measuring software tool developed in the VOLUMETRIC IMAGE DISPLAY AND ANALYSIS software package (VIDA, University of Pennsylvania).23 Using a magnified display of a short-axis SPAMM image from the multiphase series, pairs of intramyocardial stripes oriented perpendicular to the endocardium at end diastole were selected, and an operator-defined line was drawn through the myocardium normal to the selected stripe pair. Digital display of the pixel amplitude values through this line showed trough values, which marked the centers of dark SPAMM stripes. Interstripe separations, or circumferential segment lengths, were measured using trough-to-trough separations on end-diastolic (Led) and end-systolic (Les) frames.
Circumferential percent shortening (%S) was calculated as %S=10O(Led-Les)/Led at endocardial, midwall, and epicar- dial sites on anterior, lateral, septal, and inferoposterior walls. Only midventricular slices, falling within the mid 50% of the left ventricular long axis, were compared to ensure comparability of slice location. Segment locations were denoted relative to the left ventricular short-axis plane using anatomic markers (the septal insertions of the right ventricle).
For longitudinal shortening analysis, long-axis images were used in which all four cardiac chambers and the left ventricular insertion of the aorta were visualized. Selected stripe pairs were oriented perpendicular to the left ventricular long axis and to the endocardium. In the mid third of the left ventricle, longitudinal %S was determined at endocardial, midwall, and epicardial sites on the free wall and left ventricular endocardial, midwall, and right ventricular endocardial sites on the septum. For the base-to-apex analysis, longitudinal %S at all midwall sites from base to apex was determined and divided into basal, mid, and apical thirds. When In normal subjects, no regional differences in %S were observed between anterior, lateral, septal, and inferoposterior sites (Table 2 ). In contrast, circumferential shortening in hypertensive subjects was not uniform (P=.0003). Shortening was greatest at lateral wall sites, and there were significant differences between lateral and both septal and inferior sites (P<.05).
In normal subjects, as previously reported, a base-toapex gradient in circumferential shortening was observed with greater apical shortening (P=.0002).15 In contrast, no significant base-to-apex gradient was found in LVH (Table 2) , although a tendency for greater apical shortening was observed.
Midwall longitudinal %S was also significantly depressed in LVH subjects (Table 3) . At the base, mean %S was 10+9% in LVH versus 21±6% in normal subjects (P=.0001). At the midventricular level, mean %S was 14±8% in LVH subjects versus 18±3% in normal subjects (P=.03). Mean %S in apical slices was 14±8% in LVH subjects in contrast to 18+4% in normal subjects (P=.04). This reduction in shortening was also seen in comparisons of septal and free wall %S (Table 3 ). Free wall %S was 12±8 in LVH subjects versus 20±5 in normal subjects (P<.0001), and septal %S was 13±9 in LVH subjects versus 18±4 in normal subjects (P<.004).
Overall, septal and free wall longitudinal shortening did not differ significantly in either group. However, there was a base-to-apex gradient in free wall shortening in normal subjects, with higher %S at more basal sites (P=.0001) that was not present in LVH (Table 4) . Conversely, there was a reverse gradient in septal base-to-apex shortening, with higher %S at midventricular and apical sites in LVH (P<.03) that was not present in normal subjects (Table 4) .
Analysis of septal longitudinal %S across the wall showed no differences among LV endocardial, midwall, and right ventricular endocardial shortening in either group. However, in the free wall, shortening was higher at endocardial sites in both normal (P=.01) and LVH (P<.04) subjects (Table 5 ). As expected, this transmural gradient was less in magnitude than that seen with circumferential shortening.
Linear regression analysis in LVH subjects showed no significant relations between segment shortening and LV mass index, relative wall thickness, age, or reported duration of hypertension. Since there was a systematic age difference between LVH subjects and normal subjects (mean age, 49 years in LVH subjects versus 29 years in normal subjects), we also compared subgroups of subjects below 41 years (LVH subjects, n=7; mean age, 34 years; control subjects, n=10; mean age, 29 years), selecting this cutoff to include a sufficient number of LVH subjects for comparison. The difference in circumferential %S between LVH and normal subjects in this subgroup was similar to that in the entire population and remained highly significant (Table 6) Reduced preload could also result in reduced circumferential shortening in LVH. We did not directly measure hemodynamic determinants of myocardial preload in this study. However, previous invasive hemodynamic studies of hypertensive heart disease by others have not shown sufficient preload reduction to account for reduced segment shortening in mild hypertrophy.313 Furthermore, the principal potential mediator of reduced end-diastolic wall stress in LVH is an increase in the ratio of wall thickness to chamber radius, or h/r ratio. In our hypertensive group, there was no relation between h/r ratio and segment shortening results. The fact that we obtained similar results in the presence and absence of diuretic administration also makes a preload effect less likely.
Changes in myocardial perfusion in cardiac hypertrophy have been studied extensively.3'30-32 It is generally established that pressure-overload hypertrophy with normal pump function in animals and in humans is associated with normal myocardial perfusion at rest and impairment in coronary vascular reserve.3' Impaired perfusion with exercise may occur in the subendocardium in the setting of marked hypertrophy with impaired pump function.3233 Since our studies were performed in the resting state and our hypertensive subjects had normal pump function and moderate hypertrophy, diminished myocardial perfusion is an unlikely explanation for the observed findings.
Mechanical tethering of myocytes or myocyte bundles by collagen or adjacent fibers or fiber bundles may occur within the ventricular wall and could become more marked within a hypertrophied LV wall, caused either by altered collagen matrix, as suggested by Weber et al,34 or the increase in wall thickness itself. Such tethering could in turn account for the observed decrease in segment shortening. At present, no experimental methods are available for assessment of possible mechanical tethering within intact ventricular wall. However, the repeated demonstration of abnormal mechanical function in papillary muscles, trabeculae, and isolated myocytes from animal models of pressure overload suggest that mechanical tethering is unlikely to be the sole explanation for our observations.6 '8-1035 Numerous studies in small mammals provide evidence that pressure-overload hypertrophy leads to alterations in contractile function. '51-54 The present study provides no data to support or refute the relevance of the potential mechanisms con-sidered above to our results. However, given the other studies cited, it does not appear likely that alterations in organ level physiology (loading and perfusion) or intramural tethering are the principal mechanisms at work. More fundamental changes in myocyte biology in hypertrophy may be more important, but few data are available in humans to support this view.
Our methods and results have important limitations. As with any new method, a need exists to consider the validity and the reliability of segmental shortening determinations derived from magnetic resonance tagging techniques. Conventional ECG-gated cardiac magnetic resonance images are constructed from data acquired over hundreds of cardiac cycles and many respiratory cycles. Such temporal averaging may be a source of error. Resolution is also a limiting factor for measurement of interstripe distances of 7 mm or less, with current pixel size of 1.88 mm (y-axis) by .94 mm (x-axis) interpolated to 0.88 mm2. However, we have obtained data showing good correlations between circumferential segment shortening by magnetic resonance tagging and high-resolution implanted sonomicrometry crystals in canine acute myocardial infarction.55 Similar agreement with sonomicrometry for wall thickening has been reported using magnetic resonance tagging by Lima et al. 56 Furthermore, intraobserver and interobserver reproducibility of our results are quite good.
The effect of through-plane cardiac motion on our results must also be considered. Because of throughplane motion, different myocardium is present in each image plane at end systole and end diastole. However, since the three-dimensional sets of stripe planes used are all orthogonal to the short-axis image plane, the initial stripe separations in the short-axis plane are uniform throughout the myocardium. Since the stripes reflect magnetic labeling" of protons in the tissue, only myocardial shortening can change stripe separation at a later time in the cardiac cycle. Thus, the change from end-diastolic to end-systolic stripe separation is a valid measure of shortening in the myocardium found in the image plane at end systole, even though that myocardium may not have been imaged at all at end diastole.
The imaging protocols used for comparing circumferential segment shortening in normal subjects and LVH subjects also differed slightly. This resulted in a slightly larger potential error in timing end systole in normal subjects than in hypertensive subjects. However, such an error should bias results toward diminished shortening in normal subjects, whereas our results were opposite. Moreover, longitudinal shortening studies were performed with similar methods in both study groups, and results were comparable to those obtained for circumferential shortening. Thus, we believe the impact of this factor on our results is minimal. The cost and complexity of the MRI SPAMM imaging protocol and analysis precluded repeating studies of circumferential shortening in normal subjects with techniques identical to those used in LVH subjects.
This study is also limited by considerations relative to the study population. Echocardiograms were not available in normal control subjects, many of whom were imaged before this project was conceived. Furthermore, the length of the SPAMM MRI data acquisitions precluded additional MRI imaging for quantitation of LV of our control subjects is substantiated mainly by histor 
